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I. Introduction

The maximum velocity vc of a running crack has

been shown by Mott to be related to the velocity vs

of sound (1). Roberts and Wells computed the ratio

vc/V s to be 0.38 for a material having a value of

Poisson's ratio of 0.25(2). Reported values of vc

and vs, although relatively few in number, are in

reasonably good agreement with this prediction.

For highly-elastic materials, however, the agree-

ment is less satisfactory. Mason found v c/v to be

about 0.3 for a vulcanized SBR elastomer and about 0.03

for a vulcanized natural rubber (3). The surprisingly

low value for natural rubber was attributed to highly

anisotropic elastic behavior at high strains, rendering

invalid the theoretical treatments of Mott, and Roberts

and Wells, which assumed small-strain isotropic

behavior. Recent studies by Stevenson and Thomas of

the velocities of crack propagation in bursting rubber

balloons led to estimates of the ratio v c/Vs of

about 3.2 for natural rubber, about two orders of magni-

tude greater than Mason's result (4).

No other studies of high-speed crack velocities in

rubber are known to the present authors. Measurements

have therefore been carried out for carbon-black-filled

and unfilled natural rubber sheets, held under various
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states of strain. They are reported here and compared

with recent measurements of the velocity v of sound

in stretched rubber (5).

2. Experimental details

(i) Materials used

Rubber sheets were prepared using the mix formu-

lations and vulcanization conditions given in the

Appendix. Test strips were cut from the sheets about

250 mm long, 20 mm wide and 0.5 mm thick. Some samples

of similar dimensions were prepared in a special mold,

to give thickened edges along the 250 mm sides for ease

of clamping. A grid was painted on one surface of the

test strips to allow strains to be measured.

(ii) Biaxial straining

The test strip was first stretched along its

length, denoted the x direction, to the required

strain ex. Two parallel rigid clamps, 150 mm long,

were then applied to the strip edges so that a section

of the strip, about 150 mm long and 10 mm wide, was

secured between them in the stretched state. When

these clamps were fastened, the original stretching

force was released. The specimen then remained

stretched in its length direction (except for small

regions at the ends), because the clamps along each
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side prevented it from returning to the unstrained

state.

The clamps were then attached to a loading device,

arranged to pull them apart in the y direction and

thus impose on the rubber strip an additional strain

ey in a direction perpendicular to the first. The

strain e was always made greater than the strain

ex so that a crack initiated in the center of the

strip would run in the long x-direction rather then

in the short y-direction and would therefore be more

easily studied.

Measurements were made of the amount of work

required to stretch the rubber sheet in the y

-direction to the strain e On dividing by the

volume of rubber, this gave the strain energy density

W for a particular combination of strains e,,

that would be released by a crack running in the x

-direction. (It is assumed that the original work of

imposing the strain ex is not released by such a

crack). The amount of energy released by such a crack,

per unit area of material torn through, is then given

by

T = Wh (1)
0

where h denotes the strip width in the y direction

between the clamps, when the force in this direction is



-5-

zero (6). The tear energy T has been shown to be the

parameter governing slow crack growth in elastomeric

materials under varied loading conditions (7-10).

Cracks do not propagate unless T exceeds a well-

defined critical value. Above this value, the rate of

propagation appears to depend solely upon the magnitude

of T. The same concept has been applied to other

materials. T is termed the strain energy release

rate and its critical value, sometimes denoted G r , is

termed the fracture energy of the material. We examine

below whether the magnitude of T governs the velocity

of high-speed cracks.

(iii)Measuring the crack velocity

A crack was initiated in the center of a

biaxially-stretched strip by piercing it with a needle

point that had been filed to resemble a spearhead in

order to help guide the crack in the x-direction. As

the crack grew it permitted a light beam from a laser

source to illuminate a photo-sensitive trigger and thus

to set off a series of three flashtubes, Figure 1, giv-

ing a triple exposure of the propagating crack on a

photographic film. The same arrangement was employed

previously for determining velocities of free retrac-

tion of stretched rubber strips, and has been described

more fully in that connection (5).
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A representative photograph is shown in Figure 2.

From the distance moved by the crack tip between

successive exposures, and the measured time interval

between flashes, mean values of the velocity of

crack propagation were determined. No indication was

found either of acceleration or deceleration of the

crack over the distances studied, about 5 cm of growth

on each side. This conclusion is supported by the

observations of Mason (3) and Stevenson and Thomas (4).

3. Results and discussion

(i) The relation between crack velocity and tear

energy

As will be discussed in more detail later, measur-

ed crack velocities were found to depend strongly upon

the levels of strain ex and ey. If ey was not

sufficiently large, then the crack did not propagate at

all. Above the critical value of ey, the crack grew

at rates between about 5 and 100 m/s, depending upon

the strains imposed. The first question to consider,

then, is whether the crack velocity depends solely upon

the available energy T, or whether it is a function

of the local state of strain only. These parameters

can be adjusted separately with the specimens used in

the present experiments. By varying the width h°

of the strip between the clamps, the magnitude of T
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can be changed even when the strain levels and the strain

energy density W are held constant, equation 1.

Measurements were made of the crack velocity vc

in strips of unfilled natural rubber of various widths

h0 ranging between 2 and 15 mm, when the strips were

stretched to ex = 1 and e. = 3. At these strain

levels, W = 3 MJ/m3 . The results are shown in

Figure 3. Until ho = 3 mm, the crack velocity was

effectively zero. From equation 1, the critical tear

energy T for a crack to propagate at all is thus

2about 9 kJ/m 2 . Measurements at other strain levels

confirmed the validity of this tear energy criterion

for any crack growth to occur. Above this energy

level, as shown in Figure 3, the crack velocity in-

creased rapidly with incresing width h of the

strip, to reach an upper value of about 53 m/s. It then

became quite independent of the strip width, i.e., of

the tear energy T. Thus, it .iay be concluded that

whereas a tear energy criterion governs the onset of

fracture and probably governs the rate of slow-speed

cracks, the maximum crack velocity is independent of

the available energy for tearing. It depends strongly

upon the imposed strains, however, as discussed below.

(ii) Effect of imposed strains upon the maximum crack

velocity
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Measured crack velocities v are plotted as a

function of the imposed strains in Figures 4 and 5.

For the unfilled material A, v increases with

increasing strain e . Moreover, at any value of e

V increses markedly with ex . Apparently the

material tears much more rapidly when it is held

somewhat stretched in the direction of the running

crack. A pronounced reduction in tear strength for a

sample held stretched in the tear direction has been

noted previously (11).

Similar behavior was shown by the carbon-black-

filled material B, Figure 5. However, relatively slow

crack growth was observed for this material over a

range of strains ey from about 1.2 to 2.0, when the

strain ex was small or zero. Over this range of

strains the crack velocity was anomalously low, only

about 3 m/s. On examining the torn surfaces they were

relatively smooth and structureless at a magnification

of 300x, for all strain conditions, whether the crack

had grown at about 3 m/s or at a much higher velocity.

The anomalously-low rates of tearing at low strains can-

not therefore be ascribed to a change in the geometry

of tearing and must reflect an intrinsic resistance to

fracture at high speeds, presumably from an energy-

dissipation mechanism in material B that is not present
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in material A. One such process would be the

detachment of rubber from filler particles under the

high stresses set up at the crack tip.

(iii)Comparison with Mott's theory

As shown in Figures 4 and 5 the crack velocity

increased rapidly with increasing strain for both the

unfilled and carbon-black-filled materials, reaching

values of over 100 m/s at the highest strain levels

employed. In experiments with a bursting balloon,

where the strain ey (=e x ) ranged from 1.3 to 4.0

strain units, Stevenson and Thomas reported even higher

velocities v of 130 to 285 m/s (4). These values

are now compared with the predictions of Mott's theory.

By including kinetic energy in the relation for

energy changes during propagation of a crack, Mott

showed that the maximum crack velocity should be

proportional to the velocity vs of a stress pulse in

the material (1). Roberts and Wells determined the

constant of proportionality to be a rather complicated

function of Poisson's ratio, taking the approximate

value of 0.38 when Poisson's ratio is 0.25 (2). As

described elsewhere, this constant becomes 0.3 when

Poisson's ratio is taken as 0.5, the appropriate value

for virtually incompressible materials like rubber (6).
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Now the velocity vs of a stress pulse in rubber

is strongly dependent upon the state of strain (5).

Some representative values are given in Table 1.

Values of the maximum crack velocity vc, calculated

from measured values of vs on the assumption that

Mott's relation holds for stretched rubber, are given

in Table 1. They are also shown in Figures 4 and 5 as

full curves, for comparison with the experimentally-

determined values of v . They are seen to be in

reasonably good agreement with the highest crack veloci-

ties measured, i.e., those observed when the strains

e x and e y were both relatively large. Moreover,

the measured values increase rapidly with the imposed

strain ey, in good agreement with the predicted

relations.

Thus, for both unfilled and carbon-black-filled

samples of natural rubber, the maximum observed

velocities of crack propagation are in good agreement

with the relation

v =0.3 v (2)c S

when the velocity vs is determined at an appropriate

state of strain. Because vs is strongly dependent

upon the state of strain, the maximum crack velocity is

predicted to increase from about 20 m/s to about 200

m/s for the unfilled material A over the range of



strains e = 1 to e = 4.5, and from about 90 m/s

to about 220 m/s for the carbon-black-filled material B

over the range of strains ey 1 to e 2. The

measured values are in reasonably good agreement with

these predictions.

It should be noted that no allowance has been made

for possible changes in the velocity v_ when a strain

e. is imposed perpendicular to the direction of

travel of the stress pulse. The predicted relations

are based solely on values of vs determined for

strips in a state of simple extension, i.e., with ex

= e y A large effect of strains e imposed in

a perpendicular direction is not expected for the

velocities v s,however.

(iv) Comparison with other work

Crack tip velocities reported by Stevenson and

Thomas (4) are given in Table 1. They are seen to be

in reasonable agreement with values calculated for a

carbon-black-filled natural rubber material B, using

the measured velocity of sound at the particular

imposed strain. As Stevenson and Thomas pointed out,

the velocity of sound at small strains is clearly far

too low to account for their observed crack velocities

and those reported here. They were not aware that much

higher sound velocities are encountered at moderately

high strains, and attributed the high crack velocities



-12-

to special conditions set up at the crack tip itself.

This assumption does not now seem to be necessary

because the observed crack velocities can be accounted

for solely in terms of the measured strain dependence

of the velocity of a stress pulse in rubber.

4. Conclusions

The velocity of crack propagation in biaxially-

strained sheets of natural rubber is an increasing

function of the biaxial strains ex and e . Below a

critical value of the cleavage strain ey, which

depends on the strip width, no crack growth occurred.

These critical conditions correspond to an energy

requirement for fracture of about 5-10 kJ/m 2 for an

unfilled natural rubber vulcanizate A and about

15-20 J/m2 for a carbon-black-filled natural rubber

vulcanizate B.

For the filled material, cracks grew at relatively

low velocities, about 3 m/s for a range of imposed

strains above the critical level and then the velocity

increased rapidly at higher strains. In contrast,

cracks grew rapidly in the unfilled material once the

cleavage strain was high enough to permit tearing to

occur at all. The velocities of high-speed cracks were

found to be independent of the available energy for

fracture and depended solely upon the state of strain.
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Values of maximum velocity vc were calculated

from measured values of the velocity vs of sound at

various imposed strains. Agreement with the observed

maximum crack velocities was surprisingly good, both in

general magnitude and in the strong dependence upon the

imposed strain, for both materials examined.
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Appendix

The mix formulations are given below in parts by weight.

Unfilled natural rubber (A):

Natural rubber (SMR-5L), 100; zinc oxide, 5;

stearic acid, 2; phenyl-2-naphthylamine, 1;

N-cyclohexyl-2-benzothiazyl sulfenamide, 0.6;

sulfur, 2.5.

Carbon-black-filled natural rubber (B):

As for A, with the addition of N330 carbon black

(Vulcan 3, Cabot Corporation), 50.

The compounds were vulcanized in the form of thin sheets by

heating them in a press for 24 min at 1500C.
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Table 1. Representative values of the velocity vs of a

stress pulse, taken from reference (5), and crack

velocities vc

e.v v (calc. from v from [reference (4)]
c equation 2) c

(mis) (m/s) (m/s)

Unfilled material A

1.3 75 22.5 133

2.0 90 27 ---

2.7 180 57 230

3.0 250 75 ---

4.0 400 120 285

Carbon-black-filled material B

1.3 380 123 133

2.0 720 216 ---

2.7 >900 >270 230

3.0 ---.-----

4.0 ----- 285
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Figure Captions

Figure 1. Method of measuring the velocity of a crack in a

biaxially-strained rubber strip.

Figure 2. Triple-exposure photograph of a growing crack in material

B. ex = 0.4, e = 2.3.

Figure 3. Crack velocity vc in strips of varying unstrained width

h 0 Material A; ex = 1, e = 3.

Figure 4. Crack velocity vc in biaxially-strained sheets of

material A. The vertical dotted line represents the

threshold strain below which the crack did not grow at

all. The full curve represents the predictions of

Mott's theory: vc = 0.3 vs, using values of vs

appropriate to the strain ey.

Figure 5. Crack velocity vc in biaxially-strained sheets of

material B. The vertical dotted line represents the

threshold strain below which the crack did not grow at

all. The full curve represents the predictions of

Mott's theory: vc = 0.3v s, using values of v

appropriate to the strain ey.



CLL

0



-19--

4~09,



-20-

60-

50-

40

Crack
Velocity

Vc 30-

*(m/s)

20-

10-

0

05 10 15

ho (mm)

Fi gure 3



-21-

120

* e, :2 , 9
/

Crack /I /

Velocity 80 I IL"

VC ,
(m/s) 1 /

- l l' ex  =1

40-
.0~

e =0x

:1

01-
0 2 4 6

ey

Figure 4



-22-

x

120-

/

Crack I 0/e =0.5
Velocity I X

! 0//

V 80 - ,. 01'

e =
x

40 .,o I

* I I,

0/

0 -AIM

0 12 3 4
Figure 5



:3

DISTRIBUTON LIST

No. Cooies No. Cooies

Dr. L.V. Schmidt 1 Dr. F. Roberto I
Assistant Secretary of the Navy Code AFRPL 1MKPA

(R,E, and S) Room SE 731 Edwards AFB, CA 93523

Pentagon
Washington, D.C. 20350 Dr. L.H. Caveny

Air Force Office of Scientific

Dr. A.L. Slafkosky I Research

Scientific Advisor Directorate of Aerosoace Sciences

Co andant of the Marine Corps Boiling Air Force Base

Code RD-7 Washington. D.C. 20332

Washington, D.C. 20350
Mr. Donald L. Ball I

Dr. Richard S. Miller 10 Air Force Office of Scientific

Office of Naval Research Research

Code 41 Directorate of Chemical Sciences
Arlinoton, VA 22217 Bolling Air Force BaseS V 2Washington, D.C. 20332

Mr. David Siegel 1
Office of Naval Research Dr. John S. Wilkes, Jr.
Code 2iQ FJSRL/NC
Arlington, VA 22217 USAF Academy, CO 8oSto

Or. R.J..Marcus 1 Dr. R.L. Lou 7

Office of Navai Research Aerojet Strategic Propulsion Co.

Western Office P.O. Box 15699C

1030 East Green Street Sacramento, CA 95813

Pasa(ena 9 ll 6 Dr. V.J. Keenan
r. Larry Peebles 1Anal-Syn Lab Inc.

Office cf Naval Research P.O. Box 57

East Central Regional Office Paoli, PA 19301
666 Surme" Stree:, 3 dg. 17-0 Sr, Tnilip Howe
3oston, A CZ210 Army Ballistic Research Labs

Dr. hii3 A. Milier 1 ARRADCOM

0 -.:e. Naval Research Code DRDAR-BLTa. c Area Cffice Aberdeen Proving ,round MD 21005San 4re,, Cffic
One HaOie Plaza, Suite 601 Mr. L.A. atermeier 1
San ncisco, CA 9102 Army Ballistic Research Labs

Mr. Otto K. Heiney ARRADCOM

A'ATL - OLOL Code DRCAR-BL:
Elgin AFB, 32542 Aberdeen Proving Ground, MD 21005

Mr. .Geisler Dr. W.W. Wharton

A 7N: ' KP,,'MS24 o Atn: er

AFRPL Corander

Edwarts AFB, 'A ' U.S. Ar-nv Miss'Ie ,Zo1-and
Redstone Arsenal, AL 35898



Y IN 6/81

DISTRIEUT!IC LIST

No. Cooies No. CoDies

Dr. R.G. Rhoades 1 Dr. E.H. Debutts
Commander Hercules inc.
Army Missile Command Baccus Works
DRSI!-R P.O. Box 98
Redstone Arsenal, AL 35398 Magna, UT 84044

Dr. W.D. Stephens 1 Dr. James H. Thacher
Atlantic Research Coro. Hercules inc. Magna
Pine Ridge Plant Baccus Works
7511 Wellington Rd. P.O. Box 98
Gainesville, VA 22065 Magna, UT 84044

Dr. A.W. Barrows 1 Mr. Theordore M. Gilliland 1
Ballistic Research Laboratory Johns Hoprkins University APL
USA ARRADCOMI Chemical Propulsion Info. Agency
DRDAR-BLP Johns Hopkins Road
Aberdeen Proving Ground, MD 21005 Laurel, MD 20810

Dr. C.M. Frey I Dr. R. McGuire
Chemical Systems Division Lawrence Livermore Laboratory
P.O. Box 358 University of California
Sunnyvale, CA 94086 Code L-324

Livermore, CA 94550
ProFessor F. Rodriguez I
Cornell University Dr. Jack Linsk
School of Chemical Engineering Lockheed Missiles & Space Co.
Olin Hall, Ithaca, N.Y. 14853 P.O. Box 504

Code Or S3-10, 61g. 154
Defense Technical Information 12 Sunnyvale, CA.  -8
Center Dr. B.G. Craig
DTIC-DDA-2 - Los Alamos National Lab
Cameron Station P.O. Box 1663
Alexandria, VA 22314 NSP/DOD, MS-245

Los Alamos, N 87545
Dr. Rocco C. Musso I
Hercules Aerospace Division Dr. R.L. Rabie
Hercules Incorporated WX-2, MS-952
Alleghany Ballistic Lab Los Alamos National Lab.
P.O. Box 210 P.O. Box 1663
Washington, D.C. 21502 Los Alamos NM 37545

Dr. Ronald L. Simmons 1 I Lab
Hercules Inc. Eglin P.O. Box 1663

AATLLDLLos Alas, 5
Eglin AFB, FL 32542



DYN

DISTRIBUTION LIST

No. Cooies No. Cooies

Mr. R. Brown 1 Dr. J. Schnur
Naval Air Systems Command Naval Research Lab.
Code 330 Code 6510
Washington, D.C. 20361 Washington, D.C. 20375

Dr. H. Rosenwasser 1 Mr. R. Beauregard
Naval Air Systems Command Naval Sea Systems Command
AIR-310C SEA 64E
Washington, D.C. 20360 Washington, D.C. 20362

Mr. B. Sobers 1 Mr. G. Edwards
Naval Air Systems Cormmand Naval Sea Systems Command
Code 03P25 Code 62R3
Washington, D.C. 20360 Washington, D.C. 20362

Dr. L.R. Rothstein 1 Mr. John Boyle 1
Assistant Director Materials Branch
Naval Explosives Dev. Naval Ship Engineering Center
Engineering Dept. Philadelphia, PA 19112
Naval Weapons Station
Yorktown, VA 23691 Dr. H.G. Adolph 1

Naval Surface Weapons Center
Dr. Lionel Dickinson Code Rll
Naval Explosive Ordnance White Oak
Disposal Tech. Center Silver Spring, MD 20910
Code 0
Indian Head, MO 20640 Dr. T.D. Austin

Naval Surface Weapons Center
Mr. C.L. Adams Code R16
Naval Ordnance Station Indian Head, MD 20640
Code PM4
Indian Head, MD 20640 Dr. T. Hall

Code R-ll
Mr. S. Mitchell Naval Surface Weapons Center
Naval Ordnance Station White Oak Laboratory
Code 5253 Silver Spring, MD 20910
Indian Head, MD 20640

Mr. G.L. Mackenzie I
Dr. William Tolles I Naval Surface Weapons Center
Dean of Research Code RIOl
Naval Postgraduate School Indian Head, MD 20640
Monterey, CA 93940

Dr. K.F. Mueller I
Naval Research Lab. Naval Surface Weapons Center
Code 6100 Code Rll
Washington, D.C. 20375 White Oak

Silver Spring, MD 20910



26

DY , 6/81

DISTRIBUTION LIST

No. Cooies No. Cooies

Mr. J. Murrin 1 Dr. A. Nielsen
Naval Sea Systems Connand Naval.-Weapons Center
Code 62R2 Code 385
Washington, D.C. 20362 China Lake, CA 93555

Dr. D.J. Pastine 1 Dr. R. Reed, Jr.
Naval Surface Weapons Cneter Naval Weaoons Center
Code R04 Code 388
White Oak China Lake, CA 93555
Silver Spring, MD 20910

Dr. L. Smith
Mr. L. Roslund Naval Weapons Center
Naval Surface *I-eapons Center Code 3205
Code R122 China Lake, CA 93555
White Oak, Silver Spring
MD 20910 Dr. B. Douda 1

Naval Weapons Support Center
Mr. M. Stosz 1 Code 5042
Naval Surface Weapons Center Crane, Indiana 47522
Code R121
White Oak Dr. A. Faulstich 1
Silver Spring, MD 20910 Chief of Naval Technology

MAT Code 0716
Dr. E. Zimmet Washington, D.C. 20360
Naval Surface Weapons Center
Code R13 LCDR J. Walker I
White Oak Chief of Naval Material
Silver Spring, MD 20910 Office of Naval Technology

MAT, Code 0712
Dr. D. R. Derr Washington, D.C. 20360
Naval Weapons Center
Code 388 Mr. Joe McCartney 1
China Lake, CA 93555 Naval Ocean Systems Center

San Diego, CA 92152
Mr. Lee N. Gilbert
Naval Weapons Center Dr. S. Yamamoto I
Code 3205 Marine Sciences Division
China Lake, CA 93555 Naval Ocean Systems Center

San Diego, CA 91232
Dr. E. Martin
Naval Weapons Center Dr. G. Bosmajian 1
Code 3858 Applied Chemistry Division
China Lake, CA 93555 Naval Shio Research & Develooment

Center
Mr. R. McCarten Annapolis, MO 21401
Naval Weapons Center
Code 3272 Dr. H. Shuey 1
China Lake, CA 93555 Rohn and Haas Company

Huntsville, Alabama 35801



VN
5/81

D::T... 2U .~0 L:ST

Y N.oni. o.

D 3 . " Dr. C, V",isen•~~~~~ ,0 . .,

0-'ize P.O. cx 2;
'! 90 , .... D 2 19 2

; . - 7 1 e , . C .- 2 0 3 7 5 D r . J .C . i s v!

Thicko, .satc i io.
"Ses Proet Office I P .: x..... i U ;i Brigham C i'y, , t-" 33. ?

C-.eSP 73
v.. h U.S. A'"y Research cir e c

h-:. C. 20376 Chen!::, & 2iol i:el Scie:e
DivisiOr

. T - ; , P.O. Bo." 12211
Sr.J:t Ofice Resear:h Trange Park

Dep .', of tIe Nv V NC 27709
L..~v 1O l ut n ),. 2037'5 Dr. R. F. '.'alker

h .0 .....

,u,:;s:vi i. Division,J -. ;'" le A .b.... 35807 . - T. Sir_'en

Munit,,.r r ,' .ctorate
- .F um 1" Prope a ts ad 7,,- 1T,". 1,1-,o7 Defence E ip:,ent Staff!',,-s~i~e 3,,,iienBritish Emnbassy

4un 1" 
. A : -.' '--" 3. O7 3100 >.'. ss- c." se-Ls . ..

Was''.~., D.C. 2012
7h o LTC B. Loving... o. 'sion AFROL/LKP.O. 3'x 24- Edwards AFB, CA 93523
E k , ,o, 21921 Professor Alan N. Gent
Dr. G. -Institute of Polymer Science"-r.G.l T~c.~-University 

of Akron

Akron, OH 44325
2ri .?. Bx 5Mr. J. M, Frankle 1
2. City, UT 8 302 Army Ballistic Research Labs

ARRADCOM
1.'Code DRDAR-BLIT'n:"ii'-, .. Aberdeen Proving Ground, MD 21005

P.O. Sox Z53
E0'-c n ' q09



2 3

OYN 6/81

DISTRIBUTION LIST

No. Cooies No. Copies

Dr. Ingo W. May Dr. J.P,-Marshall
Army Ballistic Research Labs Dept. 52-35, Bldg. 204'2
ARRADCOM Lockheed Missile & Space Co.
Code DRDAR-BLI 3251 Hanover Street
Aberdeen Proving Ground, MD 21005 Palo Alto, CA 94304

Professor N.W. Tschoegl 1 Ms. Joan L. Janney
California Institute of Tech Los Alamos National Lab
Dept. of Chemical Engineering Mail Stop 920
Pasadena, CA 91125 Los Alamos, NM 87545

Professor M.D. Nicol 1 Dr. J. M. Walsh
University of California Los Alamos Scientific Lab
Dept. of Chemistry Los Alamos, NM 87545
405 Hilgard Avenue
Los Angeles, CA 90024 Professor R. W. Armstrong 1

Univ. of Maryland
Professor A. G. Evans Deoartment of Mechanical Eng.
University of California College Park, MD 20742
Berkeley, CA 94720

Prof. Richard A. Reinhardt

Professor T. Litovitz I Naval Postgraduate School
Catholic Univ. of America Physics & Chemistry Dept.
Physics Department Monterey, CA 93940
520 Michigan Ave., N.E.
Washington, D.C. 20017 Dr. R. B4rnecker I

Naval Surface weapons Center
Professor W. G. Knauss 1 Code R13
Graduate Aeronautical Lab White Oak, Silver Spring, MD 20910
California institute of Tech.
Pasadena, CA 91125 Dr. M. J. Kamlet

Naval Surface Weapons Center

Professor Edward Price 1 Code Rl1
Georgia Institute of Tech. White Oak, Silver Spring, MD 20910
School of Aerospace Engin.Atlanta, Georgia 30332 Professor J. 0, Achenbach 1

Northwestern University

Dr. Kenneth 0. Hartman Dept. of Civil Engineering
Hercules Aerospace Division Evanston, IL 60201
Hercules Incorporated
P.O. Box 210 Dr. N. L. Basdekas
Cumberland, MD 21502 Office of Naval Research

Mechanics Program, Code 432
Dr. Thor L. Smith 1 Arlington, VA 22217
IBM Research Lab
042.282 Professor Kenneth Kuo I
San Jose, CA 95193 Pennsylvania State Univ.

Dept. of Mechanical Engineering
University Park, PA 16802



DYN 6/3

DISTRIBUTION LIST

No. Cooies NO. Copies

Dr. S. Sheffield 1
Sandia Laboratories
Division 2513
P.O. Box 5800
Albuquerque, NM 87185

Dr. M. Farber
Space Sciences, inc.
135 Maple Avenue
Monrovia, CA 91016

Dr. Y. M. Gupta
SRI International
333 Ravenswood AVenue
Menlo Park, CA 94025

Mr. M. Hill
SRI International
333 Ravenswood Avenue
Menlo Park, CA 94025

Professor Richard A. Schapery
Texas A&M Univ.
Dept of Civil Engineering
College Station, TX 77843

Dr. Stephen Swanson
Univ. of Utah
Dept. of Mech. & Industrial

Engineering
MEB 3008
Salt Lake City, UT 84112

Mr. J. 0. Byrd
Thiokol Corp. Huntsville
Huntsville Div.
Huntsville, AL 35807

Professor G. D. Duvall
Washington State University
Dept. of Physics
Pullman, WA 99163

Prof. T. Dickinson
Washington State University
Dept. of Physics
Pullman, WA S9163



IATE

ILME


